This work deals with the modeling and simulation of a screw-worm gear mechanical transmission (worm gear screw jack), abbreviated WGSJ, to achieve its optimal design under imposed constraints. Optimal design is sought under two different conditions: to maximize the efficiency of WGSJ, for energy saving, and to minimize the overall size of WGSJ, for compact design. Several different models of buckling for the screwed shaft are taken into account by introducing a variable coefficient of fixity. Different strength theories of failure for the screwed shaft are taken into account, according to the type of material used, by introducing a variable weighting coefficient of the shear stress relative to the normal stress in evaluation of the equivalent stress. Variation of the mechanical transmission's efficiency and its overall size versus the coefficient of fixity and the shear stress weighting coefficient are presented and discussed.
DESCRIPTION AND OPTIMAL DESIGN OF THE WORM GEAR SCREW JACK
shows a photograph of the real transmission's cut-model and Figure 2 illustrates a schematic view of a particular type of WGSJ, that employs a traveling nut [4, 5] . Such device can be observed on the tourist boats navigating on the rivers in Osaka to allow ascending and descending of the boat top in order to avoid collision with the bridge girders.
The WGSJ illustrated in Figure 2 consists of a screwed shaft that rotates together with a worm wheel, since a key is inserted between them, to prevent the relative motion. The traveling nut having an up-down translation movement, allows the displacement of a certain load past an imposed stroke. The sliding contact between the screwed shaft and the traveling nut is lubricated by grease, which is supplied through the nipple shown in Figure 2 , by using a grease gun.
Worm wheel is supported by two thrust ball bearings and engages the wormed shaft, which is sustained by two tapered (radial-axial) roller bearings mounted in a so-called "X" assembly. The whole mechanism is placed inside of the jack case, which is closed at its upper part by a cover; it is also closed at the both ends of the wormed shaft by using seals mounted in lateral covers. Wormed shaft is driven by an electrical motor via a coupling (see Figure 3) . Such screw-worm gear mechanical system transmits the power from the electrical motor to the traveling nut and reduces the motor high rotational speed to the screwed shaft low rotational speed. Optimal design [6] [7] [8] [9] is sought under two different conditions: to maximize the efficiency of WGSJ, for energy saving, and to minimize the overall size of WGSJ, for compact design. As imposed constraints one can list the following restrictions: the electrical motor used to drive the screw jack should be selected from the catalogs provided by different makers, and accordingly, discrete values of the power and speed of rotation should be considered into simulations; all the necessary machine elements should be selected from the industrial standards [10] ; size of the bearings should be correlated with the size of the worm wheel, and the size of the wormed shaft, to allow setting inside the screw jack's case; ends of the wormed shaft should observe the industrial standard [10] , and to allow mounting of seals; the screwed shaft should not counter-rotate under loading even the electrical motor accidentally stops; the screwed shaft should be long enough to avoid accidents during the emergency stops when the [5, [11] [12] [13] [14] [15] for the screwed shaft are taken into account by introducing a variable coefficient of fixity. Different strength theories of failure [5, [11] [12] [13] [14] [15] for the screwed shaft are taken into account according to the type of material used, by introducing a variable weighting coefficient of the shear stress relative to the normal stress, in evaluation of the equivalent stress.
DESIGN TASKS AND SELECTION OF THE DESIGN PARAMETERS
Design tasks of the WGSJ system are given as follows:
T1. Loading force to be in the range W = 50-400 kN; T2. Working stroke to be in the range L f =0.1-1.7 m; T3. Velocity of the traveling nut to be in the range V =1-10 mm/s; T4. Optimal design should be achieved under two different conditions: to maximize the efficiency of WGSJ, for energy saving, and to minimize the overall size of WGSJ, for compact design. Table 1 illustrates the main fixed parameters used in the simulation program, selected from Refs. [5, [11] [12] [13] [14] [15] . The first eight parameters are connected to the material properties (P1, P5, P6), strength (P2, P3), shape (P4), frictional properties (P7), and efficiency (P8) of the screwed part of WGSJ. The following four parameters are connected to the material properties (P11, P12), frictional properties (P9), and efficiency (P10) of the wormed part of WGSJ. Parameters (P13, P14) and (P15, P16) are connected to the design of the bearings and keys, respectively. 
Journal of
Algorithms & Computational Technology Vol. 5 No. 2 2011 367
MODELING AND SIMULATION OF THE SCREWED PART OF THE WGSJ
The screwed part of the screw-worm gear transmission employs a metric trapezoidal thread, as shown in Figure 4 .
The following conditions should be satisfied during the optimal design of the transmission's screwed part.
C1. Buckling strength of the screwed shaft The real geometry of the screwed shaft is simplified to a cylinder of diameter d 3 and using the Euler's model [5, [11] [12] [13] [14] [15] , one arrives to the following design condition: (1) where L f ϩ 5d is a preliminary length of the screwed shaft, that includes an estimation for the height of the jack case (4d), and for the height of the traveling nut (d). In the end of the design procedure, when all the dimensions are decided, the buckling condition should be rechecked. Several different models of buckling for the screwed shaft (see Figure 5 ), e.g., one end fixed and the other free (see Figure 5 (a)), joints at the both ends (see Figure 5 (b)), one end fixed and the other articulated (see Figure 5 (c)), as well as both ends as fixed (see Figure 5 (d)), are taken into account by introducing a variable fixity coefficient. n ∈ [1/ 4;4]. As the coefficient of fixity increases from 1/4 to 4, the stability of the screwed shaft increases, i.e., the magnitude of the unstable deformation reduces (see Figure 5 ). C2. Thread contact pressure and height of the traveling nut Under the condition that thread contact pressure should not exceed the maximum allowable contact pressure: (2) one determines the necessary height of the traveling nut, which is then increased to the value H w ϩ d/4 to account for the presence of the gap necessary to supply the grease (see Figure 2) . Dimension H w varies in the range [d; 1.5d] and, in order to achieve a compact WGSJ, it is recommended to minimize the traveling nut's height.
C3. Strength of the screwed shaft under variable loading By using the simplified approach proposed by Soderberg [5, [11] [12] [13] [14] [15] , the equivalent static stress of the screwed shaft subjected to variable loading is determined as: 
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Modeling and Simulation of a Screw-Worm Gear Mechanical Transmission to Achieve its Optimal Design under Imposed Constraints where the normal stress σ s and the shear stress τ s of the screwed shaft can be calculated as: (4) and: (5) Different strength theories of failure [5, [11] [12] [13] [14] [15] for the screwed shaft, e.g., the maximum principal stress theory, the Tresca's maximum shear stress theory, the maximum principal strain theory, the maximum strain energy theory, and the von Mises' maximum distortion energy theory, are taken into account, according to the type of material used (ductile or brittle), by introducing a variable weighting coefficient c ∈[1;4] of the shear stress relative to the normal stress, in evaluation of the equivalent stress.
C4. Screwed shaft should not counter-rotate under loading even the electrical motor accidentally stops Such constraint can be written as: (6) where the subtraction of 0.5 deg is considered to compensate for the scattered values of the friction coefficient. C5. Maximization of the efficiency of WGSJ, for energy saving Efficiency of the transmission's screwed part should exceed the minimum allowable efficiency: (7) C6. The screwed shaft should be long enough to avoid accidents during emergency stops when the nominal stroke is exceeded Accordingly, length of the screwed shaft should be increased with the quantity:
where T s = 5 s is the allowable time interval for emergency stops. 
MODELING AND SIMULATION OF THE WORMED PART OF THE WGSJ
The wormed part of the WGSJ is driven by an electrical motor via a coupling, as shown in Figure 3 . Several types of motors and their relative costs, selected from the catalogs provided by different makers, are shown in Table 2 .
The following conditions should be satisfied during the optimal design of the transmission's wormed part [5, 16, 17] .
CW1. Number of threads for the wormed shaft should be selected in the range Z w = 1 -4 CW2. Number of teeth for the worm wheel should be selected in the range Z h = 28 -71 CW3. Reduction ratio of the worm gear should be selected in the range i w = 7 -71
Since both the number of threads for the wormed shaft and the number of teeth for the worm wheel are integers, one observes that the real reduction ratio i w * slightly differs from the ideal reduction ratio, i w . However, all combinations of Z w and Z h , leading to a relative variation of the traveling nut's velocity, lower than 3.5 %, are considered as acceptable. CW4. Module of the worm is selected from the following standard [16, 17] CW5. Design procedure of the worm gear adopted in this work follows the AGMA standard [16, 17] . Thus, for a wormed shaft, the pitch circle diameter d w (see Figure 6 ) should be selected in the range starting from 2πm x ϩ 12.7[mm], for worm directly cut into the shaft, until the maximum value of 2.4πm x ϩ 28 [mm], which corresponds to worm and shaft as different parts.
CW6. Maximization of the efficiency of WGSJ, for energy saving Efficiency of the transmission's wormed part should exceed the minimum allowable efficiency: (9) where the pressure angle is: α = 14.5 deg for Z w = 1, 2, and 20 deg for Z w = 3, 4.
CW7. Minimization of the worm gear's tip distance, for compact design:
where the constants can be taken as C 1 = 3.5 & C 2 = 1 for Z w = 1, 2, and C 1 = 3 & C 2 = 0.9 for Z w = 3, 4. CW8. Bending stress at the worm wheel's tooth root should not exceed the allowable bending stress of the worm wheel's material: (11) where the constants can be taken as: CW9. Wear factor of the worm gear should not exceed the allowable wear strength: (12) where the constant ξ can be taken as: ξ = 1 for a lead angle of the worm smaller than 10 deg, ξ = 1.25 for a lead angle of the worm between 10 and 25 deg, and ξ = 1.5 for a lead angle of the worm larger than 25 deg.
CW10. In order to obtain good manufacturing conditions for the wormed shaft, the diameter of the worm dedendum circle d wf should be larger than the shaft diameter d a in the region of the shoulder of the radial-axial roller bearing: (13) where the constant can be taken as: C 5 = 1.157 for Z w = 1, 2, and C 5 = 1.057 for Z w = 3, 4.
DESIGN OF THE BEARINGS 6.1. Design of the Radial Bearings (Bushes, Sleeves)
The upper and lower radial bearings (see Figure 2) are designed from the condition that the contact stress should not exceed the allowable contact pressure. Since the pressure is always higher on the inner surface of the bush, in contact with the screwed shaft, the design condition for the upper (U) and lower (L) bearings becomes [18] : (14) 
Design of the Thrust Ball Bearings
From all the thrust ball bearings which are satisfying the following conditions one selects the lightest ball bearing.
CBB1. The inner diameter of the ball bearing should be about 1.5 times larger than the diameter of the screwed shaft. CBB3. The static equivalent thrust load P 0a should be smaller than the basic static load rating C 0a , taken from the ball bearings catalog [19] : (15) CBB4. The dynamic equivalent thrust load P a = P 0a should be smaller than the basic dynamic load rating C a , taken from the ball bearings catalog [19] . This can be reformulated as: "life of the ball bearing L bB should exceed the minimum life L BA ", condition which can be written as: (16) 6.3. Design of the Tapered Radial-Axial Roller Bearings CTB1. As Figure 7 illustrates, the selection of the tapered roller bearings should be made to achieve a wormed shaft with several stages of different diameters. These diameters should observe the industrial standard [10] for shaft ends and seals, should provide an adequate shoulder for the tapered roller bearing, and should allow proper manufacturing of the worm. Also the external diameter of the tapered roller bearing should be larger than the addendum diameter of the worm, to allow the insertion of the wormed shaft into the jack case.
CTB2. The total length of the wormed shaft L y should be minimized to achieve a compact design of the WGSJ.
CTB3. The dynamic equivalent radial load P r should be smaller than the basic dynamic load rating C r , taken from the bearings catalog [19] . This condition can be reformulated as: "life of the roller bearing L rB should exceed the minimum life L BA ". Only life of the bearing A is estimated, since from Figure 7 , one observes that the bearing A has larger loading than the bearing B. Thus the equivalent radial load is given by: (17) and then the life becomes: 
where the parameters X and Y are taken from the roller bearings catalog [19] .
CTB4. The static equivalent radial load P 0r should be smaller than the basic static load rating C 0r , taken from the roller bearings catalog [19] : (19) 
DESIGN OF THE KEYS
The width b and the height h of the key used to prevent the relative motion between the screwed shaft and the worm wheel are selected from the industrial standard [10] in function of the diameter d of the screwed shaft; its length, used in the strength calculus at the contact pressure and shear stress, is taken as l = H w , but its real length is decided after the jack case is completely designed. If the contact pressure or/and the shear stress exceeds the allowable values (p a and τ a ), the key length is maintained unchanged but its transversal dimensions are increased at the next values in the standard. Since the ends of the wormed shaft are selected to observe the industrial standard, the dimensions of lateral keys, used to prevent the relative motion between the shaft and the coupling counterpart, are automatically imposed by the standard. Although one should check the key through a strength calculus at contact pressure and shear stress, the allowable values are not to be exceeded.
DESIGN OF THE JACK CASE
Usually the jack case is manufactured through casting of cast iron and the proper design should be done through the finite element method. However, the design of the jack case cover, lateral covers (tapered bearing covers), bottom flanges, and the bolts necessary to fix the covers can be done through conventional calculus [5, [11] [12] [13] [14] [15] , not presented in detail here. In this phase of design, the strength calculus of different elements is performed in parallel with the development of the assembly drawing of the WGSJ system, since some necessary dimensions, used in calculus, are obtained from the drawing. Overall dimensions of the WGSJ are estimated from the wormed shaft's configuration (see L y in Figure 7) , and from the frontal view (see L z in Figure 8 ) as well as the top view (see L x in Figure 9 ) of the jack case. In this way one decides whether a compact design was truly achieved. 
RESULTS AND DISCUSSIONS
Variations of the screwed shaft diameter (see Figure 10 ), transmission's total efficiency (see Figure 11) , and the WGSJ overall volume (see Figure 12 ) versus the fixity coefficient n for different shear stress weighting coefficients c are illustrated, for moderate loading and stroke (W = 200 kN, L f = 1 m), as well as for high loading and stroke (W = 400 kN, L f = 1.7 m). Results obtained during the performed simulations are not affected by statistical errors or by changing the type of machine. Simulation time length was about 1 min on a personal computer Intel Pentium Duo-Core type T2300 with a working frequency of 1.66 GHz and a main memory of 1 GB. During simulations all the parameters P1-P16 (see Table 1 ) are usually kept as fixed, but even they are taken as variables, they have almost equal influence on the complexity of simulation.
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CONCLUSION
To illustrate the influence of modeling on the optimal design of the proposed worm gear screw jack system, variation of the mechanical transmission's efficiency and its overall size versus the coefficient of fixity and the shear stress weighting coefficient were presented and discussed. The following main conclusions can be drawn:
1. For small fixity coefficients, close to 1/4, one cannot achieve a compact design, since both the diameter of the screwed shaft and the overall size of the screw jack, are too large. On the other hand, one cannot satisfy either the condition of energy saving, since the transmission's total efficiency is too small. This means that low-stability worm gear screw jacks should be avoided. 2. Increasing the fixity coefficient to 1, both the condition of compact design and the condition of energy saving are satisfied. Since augmentation of the fixity coefficient from 1 to 4 does not produce further reduction of the transmission's size or the increase of the transmission's efficiency, one concludes that n = 1 is the necessary and sufficient design condition, relative to the stability of such worm gear screw jack type system. 3. Since for a given fixity coefficient, the condition of compact design and the condition of energy saving are generally satisfied for small values of the 380 Modeling and Simulation of a Screw-Worm Gear Mechanical Transmission to Achieve its Optimal Design under Imposed Constraints Figure 12 . Variation of the worm gear screw jack overall volume versus the fixity coefficient for different shear stress weighting coefficients.
shear stress weighting coefficient, one concludes that fragile, not ductile materials should be selected for the screwed shaft. Small shear stress weighting coefficient can be also regarded as reduced contribution of the shear stress (torsion) at the overall equivalent normal stress (compression). Such loading state can be achieved for low friction coefficient at the contact between the screwed shaft and the traveling nut, for reduced number of threads, and for fine thread of small pitch.
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